Distal arthrogryposis (DA) is a heterogeneous subgroup of arthrogryposis multiplex congenita (AMC), a large family of disorders characterized by multiple congenital joint limitations due to reduced fetal movements. DA is mainly characterized by contractures afflicting especially the distal extremities without overt muscular or neurological signs. Although a limited number of genes mostly implicated in the contractile apparatus have been identified in DA, most patients failed to show mutations in currently known genes. Using a pangenomic approach, we demonstrated linkage of DA to chromosome 2q37 in two consanguineous families and the endothelin-converting enzyme like 1 (ECEL1) gene present in this region was associated with DA. Screening of a panel of 20 families with non-specific DA identified seven homozygous or compound heterozygous mutations of ECEL1 in a total of six families. Mutations resulted mostly in the absence of protein. ECEL1 is a neuronal endopeptidase predominantly expressed in the central nervous system and brain structures during fetal life in mice and human. ECEL1 plays a major role in intramuscular axonal branching of motor neurons in skeletal muscle during embryogenesis. A detailed review of clinical findings of DA patients with ECEL1 mutations revealed a homogeneous and recognizable phenotype characterized by limited knee flexion, flexed third to fifth fingers and severe muscle atrophy predominant on lower limbs and tongue that suggested a common pathogenic mechanism. We described a new and homogenous phenotype of DA associated with ECEL1 that resulted in symptoms involving rather the peripheral than the central nervous system and suggesting a developmental dysfunction.
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INTRODUCTION
Arthrogryposis multiplex congenita (AMC) defines congenital joint limitations in at least two different body areas and is a consequence of reduced fetal movement. There are various underlying aetiologies and phenotypic presentations (1) .
Distal arthrogryposis (DA) refers to a major subgroup of AMC that is characterized by congenital joint limitations afflicting especially, but not exclusively, the distal extremities without overt muscular or neurological signs. The clinical criteria have been defined to delineate more accurately this subgroup from other types of AMC of neuromuscular origin (2) . They include camptodactily, hypoplastic and /or absent flexion creases, overriding fingers, ulnar deviation of the wrist, talipes equinovarus, calcaneovalgus deformities, vertical talus and/or metatarsus varus. To be considered affected, index cases must exhibit at least two of these major criteria. In clinical practice, DA is not a rare sign in patients attending neuromuscular consultations. This clinical entity encompasses well-characterized DA, but also all congenital joint limitations that fulfil the major clinical criteria but fail to overlap with one of the well-defined DA types (3). To date, the genetic background has been characterized only in a minority of DA, affecting almost exclusively genes encoding proteins associated with the contractile apparatus of the skeletal muscle :  MYH2, MYH3, MYH8, MYBPC1, TPM2, TPM3, TNNI2,  TNNT3 , ACTA1, NEB genes (4 -11) or the skeletal muscle calcium homeostasis: RYR1 (12) .
AMC has also been reported in disorders of the neuromuscular junction. Fetuses born to mothers producing antibodies directed against the fetal form of the acetylcholine receptor (AchR) were shown to develop AMC (13) and mutations of the genes encoding subunits of the AchR have been reported to cause AMC (14 -17) . AMC have also been associated with mutations in the RAPSN and DOK7 genes that encode proteins involved in the AchR clustering at the post-synaptic membrane (16, 18) . AchR deficiency at the neuromuscular junction appears, therefore, as a common pathway to AMC in autoimmune or genetically related myasthenic syndromes (19) . However in most DA, no molecular cause has been yet identified and genetic counselling relies only on empirical evaluation and precludes early prenatal diagnosis.
A genome-wide single-nucleotide polymorphism (SNP) genotyping approach allowed mapping of a disease locus genetically associated with DA to chromosome 2q36.3 -2q37.3 in two consanguineous families of different geographical origin. This allowed the characterization of a novel gene, endothelinconverting enzyme like 1 (ECEL1), previously known to be involved in the development of neuromuscular junctions (20, 21) . ECEL1 mutations were identified in six families with very similar clinical features and muscle magnetic resonance imaging (MRI) involvement making the ECEL1 gene a frequent cause of autosomal recessive DA.
RESULTS

Mapping of the disease locus on chr 2q37
Homozygosity mapping performed in consanguineous family F1 (Fig. 1) Fig. S1 ) and pointed towards a locus on Chr. 2q37 with a maximum LOD score Z max ¼ 3.1 at u ¼ 0.0. A second genome-wide SNP genotyping performed in the consanguineous family F5 (Fig. 1) helped to reduce the size of the disease locus to 5.17 Mb. The recombinant events were observed between rs2396608 and rs6708323 (Chr. 2: 229933418 -235110179, NCBI human genome build 37.3). Combining multipoint linkage data from the two multiplex families confirmed the locus on Chr. 2q37 with a maximum LOD score Z max ¼ 5.1 at u ¼ 0.0 (Fig. 2) . As presented in Figure 2 and listed in Supplementary Material, Table S1 , this interval contained 77 annotated genes (NCBI human genome build 37.3) including the CHRNG and CHRND genes known to cause arthrogryposis-associated congenital myasthenic syndromes (14) (15) (16) (17) . Sanger sequencing excluded pathological sequence variants in both genes for the two families F1 and F5. We then looked for candidate genes expressed in muscle, nerve or at the neuromuscular junction as highlighted by the relevant literature and by the GeneHub-GEPIS database (22) . The ECEL1 gene appeared as a potential target gene because of its essential function in mice for the formation of neuromuscular junctions during the developmental stages of the central and peripheral nervous system (PNS) (23, 24) .
ECEL1 mutations are associated with recessive forms of DA Sequencing of the ECEL1 gene with specific primers (Supplementary Material, Table S2) in our panel of 20 families with DA evidenced seven variants in a total of six families (Fig. 1) (Fig. 3A) and/or lead to a non-sense-mediated mRNA decay, suggesting in all situations a loss of function for ECEL1.
A c.2278C.T transition in exon 18, leading to a cysteine to arginine substitution at position 760 (p.Cys760Arg) of the protein, was identified in family 1. As shown in Figure 1 , the mutation was present at a homozygous level in the three affected patients. No DNA was available for patient II:5. The p.Cys760Arg was linked to the disease with a highly significant LOD score of 3.1, and it was not found in 100 chromosomes from geographically matched individuals and affected a highly conserved cysteine (Fig. 3B) . Predictive softwares classified the p.Cys760Arg variant as pathogenic [Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/), SNPs&GO (http://snp s-and-go.biocomput.unibo.it/snps-and-go/), MutPred (http:// mutpred.mutdb.org)]. Cysteine 760 is one of the 10 phylogenetically highly conserved cysteine residues throughout the NEP enzyme family (Fig 2B) (25) . The cysteine 760 was implicated into the formation of a disulfide bond with cysteine residue 772 that is involved in the catalytically active consensus site of ECEL1 (25) (26) (27) . Unlike other endopeptidases of the NEP family, ECEL1 is predominantly expressed into the endoplasmic reticulum (28) . As the p.Cys760Arg mutation did not alter the targeting of ECEL1 (Supplementary Material, Fig. S3 ), the pathogenic effect of the mutation is likely to be associated with an alteration of the catalytic site.
ECEL1 mutations are associated with a typical phenotype
Prenatal findings associated with arthrogryposis in our patients were limited to diminished fetal movements (patients F2/II:2, F3/II:1) and persistent knee extension on ultrasound examination during the third trimester (family F1). These findings are not specific and ultrasound examinations were otherwise normal when performed (families F3, F4 and F5). An intrauterine growth retardation was present at birth in three patients (F3/II:1, F5/II:3, II:4), yet its link to the DA phenotype and ECEL1 is not clear. Delivery was at term for patients F2/ II:1,II:2; F3/II:1; F4/II:1; F5/II:3, II:4 with a breech presentation reported for patients F2/II:1 and F3/II:1. None of the patients had a history of respiratory distress during the neonatal period.
As presented in Table 1 and Figure 4 , all patients showed DA with flexion contractures of fingers III -V, limited knee flexion, and talus, talus valgus or varus deformity of feet ( Fig. 4A-D) . Lower limbs were more extensively affected than upper limbs. Absence or limited knee flexion was not associated with lack of patella. All cases but one had hip involvement consisting in congenital hip dislocation or limited mobility. In contrast, none of the cases had major elbow or shoulder girdle contractures. Noticeably no pterygia were found. Other frequent findings observed in the series were short neck and muscle atrophy, predominant in lower limbs. Three patients had a hyperlaxity of distal joints in addition to distal joint contractures. Osteotendinous reflexes were often found abolished in very severely amyotrophied regions, but present in those with only moderate muscle atrophy. Two frequent and striking features were a spared or less involved index finger ( Fig. 4F-I ) and a central tongue atrophy leading to a grooved shape ( Fig. 4K-N) . Mild-to-severe scoliosis ( Fig. 4E ) was a frequent complication. In family F1, the three siblings developed early progressive deformities that required a very close orthopaedic treatment by rigid Garches brace and trunk night casts during childhood. Arthrodesis was performed in two patients (F2/II:2; F3/II:1). A restrictive pulmonary insufficiency was detected in four patients (F1/II:1, II:2, II:3; F3/II:1), but none required mechanical ventilation. Joint limitations were stable or improved on physiotherapy. All patients achieved independent walking between 18 months and 3 years of age. Fatigability was reported but muscle strength was relatively stable, except in one patient (II:4 in family F5) who experienced progressive loss of muscle force during childhood and was forced to use a manual wheel chair for outdoor activities from the age of 10.
Ptosis was noted for a majority of patients. In addition to ptosis, ocular clinical findings in patients with ECEL1 mutations included lagophthalmos and pseudo-exophthalmos features ( Supplementary Fig. S4A ,B) and Duane syndrome in patient F1/II:3 (Supplementary Material, Fig. S4C,D) . Except for a patient who had Duane syndrome of the left eye, oculomotricity was normal. No sensory symptoms were found. Although no formal testing was done, no cognitive impairment was noted and all children had a normal-to-age school level. Half of the patients complained of mild speech difficulties that could result from the grooved shape of the tongue. Sucking or swallowing difficulties were only noted in one patient (Table 1 and  Supplementary Material, Table S3 ).
Paraclinical findings
T1-weighted whole body, or lower extremities muscle MRI views were obtained for six patients. All showed a severe fatty muscle replacement (porcelain-like infiltration) that affected mainly the thigh as shown in Figure 5 and that was evaluated by use of the Mercuri score (29) (Supplementary Material, Fig. S5 ). The biceps femoris (BF), sartorius and partially the vastus lateralis muscles were selectively affected, while rectus femoris (RF) and gracilis (G) were systematically spared. Fatty replacement in distal leg muscles was also frequent and the particularity at this level was a diffuse and often asymmetric involvement. Frontal views in four patients showed a thoracic spinal deformity associated with paravertebral muscle hyperintensity, while neck and upper limb muscles were spared (Fig. 3, E) . In the head, the most striking finding was a severe central atrophy of the tongue leading to a bifid shape (Fig. 4, O) .
Four mutated patients had muscle biopsies. As presented in Supplementary Material, Figure S6 , neither major structural abnormalities of the sarcolemma nor any signs reminiscent of denervation were observed in any of the muscle biopsies studied. Nonetheless, type 1 fibre type predominance (F1/ II:1 and 2, F3/II:1) (A, D, G); mild difference in the fibre size (F1/II:1 and 2) (B, E, H) and moderate lipid storage (F1/II:1 and 2, F5/II:3) (F, F, I) were observed in biopsies.
Electrophysiological testing was performed in eight patients harbouring ECEL1 mutations. Five showed normal results Table S1 .
with electromyography (EMG) and nerve conduction velocity measurements performed at ages ranging from 8 -11 years (Supplementary Material, Table S1 ). In two patients (F2/II:2, F5/II:3), the needle EMG was suggestive of myopathy at the 13th day after birth and 2 years of age, respectively. One patient (F3/II:1) had repeated studies. The first was done at age 3.5 years and included motor and sensory nerve conduction studies (NCSs) only of lower limbs and needle EMG only in proximal muscles of the lower and upper extremities. It was reported as normal. The second study was performed at 18 years. It included distal muscles investigation and revealed neurogenic signs (Supplementary Material, Fig. S7 and Table S3 ).
Additional clinical and biochemical analyses performed to exclude neuromuscular, cardiac or ophthalmologic abnormalities yielded normal results. Serum CPK levels were found within the physiological limits in patients from two different families (Supplementary Material, Table S3 ).
DISCUSSION
This study provides molecular and clinical evidence that mutations of ECEL1, a neuronal endopeptidase not yet associated with pathologies in humans, caused a hitherto not recognized DA that differed from other formerly described types of DA by its autosomal recessive inheritance and its recognizable clinical features.
A review of clinical findings in our panel of patients harbouring mutations in the ECEL1 gene revealed a number of distinct features including limited knee flexion, absent or only mild flexion contractures of the index fingers, tongue atrophy and scoliosis (Table 1, Fig. 4 ). Tongue atrophy is usually reported in patients with autoimmune myasthenia (30) and more occasionally in patients with congenital myasthenic syndromes (CMS). However, myasthenic patients present other signs not observed in our patients, such as bulbar weakness and striking fatigue with repetitive movements leading to variable motor function in the course of the day.
Muscle biopsies were normal or showed mild non-specific abnormalities. No neuropathic or major structural muscular abnormalities were found, however, it must be noted that only proximal muscles were studied (deltoid and quadriceps). The increased content of lipids detected in the muscle fibres could contribute to the abnormal hyperintensity evidenced by muscle MRI.
When performed NCSs were normal. This finding allowed us to rule out a sensorimotor polyneuropathy. When specifically studied, repetitive stimulation and stimulated single-fibre electromyography failed to demonstrate a dysfunction of the neuromuscular junction transmission. However, investigations were only performed in one patient and will require confirmation. Needle EMG was abnormal in three children, evoking a myopathy in two infants, but revealing chronic neurogenic abnormalities in muscles of hands and feet in an 18-year-old girl. Extensive investigations are clearly needed in patients with ECEL1 mutations to investigate a potential pathogenic process affecting the nerves or the lower motor neurons.
The homogeneity of the clinical phenotype regardless of the type of mutation identified in patients suggested a common underlying mechanism. In five out of six families (F2, F3, F4,  F5, F6) , mutations of the ECEL1 gene generated premature stop codons that mapped upstream the different motives associated with the peptidase activity of ECEL1 (20, 31) . As presented in Figure 3 , these mutations if expressed would yield a truncated protein devoid of its catalytic domain. Furthermore and as illustrated in Supplementary Material, Figure S2 , premature stop codons could lead to a non-sense-mediated mRNA decay process (32) . In both situations, the expected effect of the mutations would be an absence of synthesis of functional ECEL1. The p.Cys760Arg missense mutation affected a wellconserved amino acid and introduced a significant chemical change with a Grantham score of 180 (33) in a region that is critical for protein maturation and enzyme activity. Genetic criteria, including lod score analysis and predictive softwares, defined this mutation as pathogenic. The high conservation of the terminal cysteine residues in the NEP family and their structural role in protein folding suggested that cysteine 760 of ECEL1 is critical for proper maturation and folding of the enzyme (25, 26, (34) (35) (36) (37) . Based on these different data the pathogenic effect of the p.Cys760Arg mutation would thus result from the loss of the catalytic activity as a consequence of an alteration of the folding of the carboxy terminal catalytic region. Absence of knowledge regarding the physiological peptidic substrate of ECEL1 prevented further testing of the effect of the mutation on the specific physiological function.
The pathogenic mechanism of this novel type of DA caused by mutation of ECEL1 is still poorly understood. ECEL1, alternatively called damage-induced neuronal endopeptidase, is a neuron-specific endopeptidase belonging to the neutral endopeptidase (neprilysine, NEP) family (20, 21, 23) . ECEL1 is expressed from early developmental stages in both the central and the PNS (21, 23) and appeared to have a non-redundant and essential function in rodents (24, 38) . ECEL1-deficient mice die from respiratory dysfunction shortly after birth as a consequence of embryonic developmental defect of final axon branching of motor neurons in skeletal muscle that led to a significant reduction of neuromuscular junctions (21, 38, 39) . Nonetheless, the overall ultra-structure of the presynaptic terminal, the terminal Schwann, the muscle cell and initial AchR Table 1 . Clinical findings: most frequent clinical findings in ECEL1 mutated patients were flexed III-V fingers (10/10) with a spared or less involved index finger (8/9), limited knee flexion (10/10), talus or talus valgus feet deformity (9/10), diminished muscle mass (10/10), short neck (10/10), tongue atrophy (7/7) and bilateral or unilateral ptosis (7/10 clustering remained unaffected in mice. In rodents, ECEL1 is specifically expressed in neuronal tissues (21) . At difference with this situation, additional expression of ECEL1 was also detected in skeletal muscle and pancreas in human (20) . As shown in Supplementary Material, Figure S8 , ECEL1 was expressed during embryogenesis in humans both in CNS structure like spinal cord and in skeletal muscle. The differential pattern of expression of ECEL1 in humans and rodents could be part of the explanation of the different phenotype presented at birth by ECEL1-deficient mice and patients homozygous for mutations affecting ECEL1 synthesis. Such a situation is comparable with that observed for arthrogryposis syndromes caused by mutations of the CHNRG gene. CHRNG-deficient mice died shortly after birth from respiratory failure, whereas CHRNG mutated patients showed a viable and non-progressive AMC without respiratory symptoms in the neonatal period (14, 15) . A proposed explanation for this difference was the different switching between the fetal and adult forms of AchR in humans and mice (40, 41) . However, no developmentally expressed isoforms of ECEL1 have been yet identified and the three known pseudogenes of ECEL1 are non-coding (42) . An alternative explanation would be the presence in humans of a redundant or compensatory mechanism for ECEL1 function in axon branching that will take place after the critical time interval for intramuscular motor neuron branching. Children had a normal-to-age school level and whole-body MRI examinations produced normal brain images. Clinical examination revealed mild muscle weakness (all patients were ambulatory), more predominant in distal limbs, reduced or absent osteoarticular reflexes and hypotonia. However besides these signs, no other major central nervous system involvement was evidenced in our patients. Several children developed a severely progressive scoliosis and a restrictive respiratory insufficiency, both complications frequently observed in the course of early-onset neuromuscular disorders. Weakness seemed to be stable during the time and joint contractures were unchanged or improved after birth, thus suggesting rather a developmental than a degenerative disorder of the PNS. The fatty replacement of muscle evidenced by muscle MRI suggested a predominant PNS disease (Fig. 5) . Moreover, there was a homogeneous and recognizable pattern of involvement observed in all the patients, in particular in lower limbs, often asymmetric and with the BF muscles being always severely affected (Supplementary Material, Fig. S5 ). However, the origin of these signal abnormalities cannot be determined by MRI and the review of additional studies of the PNS was not yet conclusive.
In conclusion, we showed that the ECEL1 gene is a gene frequently associated with a clinically recognizable autosomal recessive form of DA with antenatal presentation that is likely to reflect a novel pathogenic mechanism. Patients will greatly benefit from the investigations of the ECEL1 gene for clinical diagnosis and genetic counselling. No dysfunction of the neuromuscular transmission was evidenced and motor neuron involvement is rather suspected on the basis of preliminary electrophysiological results, although direct evidence are still incomplete. Further studies in patients and investigations of the neuromuscular junction formation in muscles of patients affected by DA linked to ECEL1 mutations together with the characterization of the physiological substrate of ECEL1 will help us in elucidating the pathogenic mechanism leading to this form of DA.
SUBJECTS AND METHODS
Patients and DNA samples
This study was approved by the Ethical Committee of the Grenoble University Hospital (Comité de Protection des Personnes Sud-Est, France) and all family members provided written informed consent prior to genetic analysis.
The panel of 20 families included in the study presented with congenital arthrogryposis associated with distal involvement as a prominent feature, non-progressive course of the disease and without any other organ or cognitive involvement. An autosomal recessive inheritance was suggested in five consanguineous families and in one non-consanguineous family with two affected children. All other cases were sporadic. DNA was extracted from whole blood according to the standard protocols. The quantity and quality of DNA were determined on a NanoDrop ND-2000C UV-Vis spectrophotometer (Nanodrop Technologies, Wilmington, DE).
Genome-wide SNP genotyping and homozygosity mapping DNA samples from 5 affected patients and 7 unaffected individuals ( Fig. 1) of two consanguineous families of Malian (Family F1) or Moroccan origin (Family F5) were genotyped for 264 422 SNPs using the Genechip Human Mapping Affymetrixw 250 K Nsp arrays (Affymetrix, Santa Clara, CA, USA) according to the manufacturer's instructions. Multipoint linkage analysis and homozygosity mapping of SNP data were performed using the Alohomora (43) and Merlin (44) softwares with the following parameters: autosomal recessive inheritance, 100% penetrance and a theoretical disease gene frequency in the population of 1 : 1000.
Analysis and characterization of ECEL1 mutations
Coding exons and splice junctions of the ECEL1 gene were analyzed by bidirectional Sanger sequencing of proband's DNAs using an ABI 3130 XL DNA analyser (Life Technologies, Carlsbad, CA, USA). Primers were designed to span the coding exons and splice junctions of the ECEL1 gene using the Primer3 program (www.frodo.wi.mit.edu) and the NCBI genomic reference sequence (NM_004826.2). DNA sequences harbouring mutations were subsequently analysed in relatives to confirm familial segregation. None of the identified ECEL1 variants have been detected in 200 chromosomes of the general population. When needed total RNAs were extracted from the frozen muscle specimen by using Trizol (Invitrogen, Carlsbad, CA, USA) and complementary DNA (cDNA) was synthesized using the Transcriptor System (Roche, Basel, Switzerland).
ECEL1 mRNA expression pattern in fetal and adult tissues Lymphoblastoid cell lines were derived from healthy control individuals. Tissues were collected from aborted fetus at 12 weeks of gestation for disease unrelated to neuromuscular defect in the framework of prenatal diagnosis and with the informed consent of parents. Adult skeletal muscle was collected in the frame of muscle biopsy for a disease unrelated to arthrogryposis and following the informed consent of patient. Total RNAs were extracted by using the TRI Reagent LS method (Sigma-Aldrich, Saint Louis, MO, USA) and cDNA was synthesized using the SuperScript w III reverse Transcriptor system (Invitrogen).
MRI imaging
Four patients (F1/II:1, II:2, II:3; F3/II:1) underwent whole-body muscle MRI (WB-MRI) examinations using a 1.5-Tesla Philips MRI system (Achieva Release 11, Philips Medical Systems, Eindhoven, The Netherlands), with a previously described protocol that includes T1-weighted turbo spin echo (T1-TSE) and STIR sequences (45) . This technology allowed frontal and axial views. Two adult patients underwent sequential MRI examinations that only allowed axial views, exploring upper and lower limbs (F2/II:1) or only lower limbs (F2/II:2).
Immunohistochemical and electronic microscopy muscle imaging
Skeletal muscle biopsies were analysed in four patients (deltoid muscle for F1/II:1, II:2 and F5/II:1; quadriceps muscle for F3/II:1) (Supplementary Material, Fig. S6 ). Parts of each muscle biopsy were frozen immediately in isopentane cooled in liquid nitrogen and stored at 2808C until processing. Histo-enzymological studies were carried out on 10 mm transverse cryostat sections according to the protocols described previously (12, 46) .
Neuromuscular electrophysiological studies
Motor and sensory NCSs were performed using the standard procedures and a Medtronic portable Keypoint EMG system (Medtronic, Minneapolis, MN, USA). In order to search specifically for abnormalities in nerve, muscle or neuromuscular junction, a prospective study including SSFEMG (46, 47) was performed by S.Q.R. in patient F3/II:1 after obtaining signed consent (Supplementary Material, Fig. S7 ).
